Abstract. Intensive vegetable production in southern Australia is characterised by high inputs of nitrogen (N) fertiliser, water, and occasionally animal manures, which creates the potential for high nitrous oxide (N 2 O) emissions. Three field experiments were conducted to investigate the effects of the nitrification inhibitors 3, 4-dimethylpyrazole phosphate (DMPP), 3-methyl pyrazole plus 1H-1,2,4 triazole (3MP+TZ), and dicyandiamide (DCD) on N 2 O emissions and yields in broccoli (Brassica oleracea), lettuce (Lactuca sativa) and cauliflower (Brassica oleracea) crops in southern Australia. The inhibitor treatments on fertilisers and poultry manure were compared with standard commercial practice for vegetable crops in this region, and N 2 O emissions were measured using manual chambers through to harvest. Daily fluxes ranged from 0.81 g N 2 O-N ha , respectively. Cumulative soil N 2 O fluxes from the manure treatments were~4-fold greater than the standard inorganic fertiliser program for a given crop. Nitrous oxide direct emission factors were in the range 0.02-0.16% for inorganic fertilisers and from 0.19% to 0.43% for poultry manure. The greatest decrease in N 2 O emissions occurred when DMPP or a combination of 3MP+TZ were added to poultry manure (62% and 66% decrease, respectively). Decreases in N 2 O emissions from nitrification inhibitors were smaller and less consistent when used with inorganic fertilisers, but DMPP decreased emissions in two out of three trials, with a maximum decrease of 32% observed in the broccoli trial. DCD proved ineffective for mitigating N 2 O emissions in all trials.
Introduction
Intensive horticultural production is highly dependent on nitrogen (N) fertilisers and animal manures to maintain crop yields in the face of declining natural soil fertility. In high value horticulture, N inputs are often supplied in excess of the crop requirements to maximise yields. Addition of fertiliser N to crops creates potential environmental problems through both nitrate leaching and increased production of nitrous oxide (N 2 O), a potent greenhouse gas (GHG) (IPCC 2007 ) that also results in stratospheric ozone depletion (Crutzen 1981; Ravishankara et al. 2009 ). Estimates of the contribution of agriculture to global anthropogenic N 2 O emissions range from 58% to 84% (Mosier et al. 2004; Smith et al. 2007; Smith et al. 2008) . Nitrous oxide production is favoured by high levels of available carbon (C), N and soil moisture (Weier et al. 1993; Dalal et al. 2003) ; conditions that often occur in vegetable production. This is especially the case when animal manures and N fertilisers are used in combination in the cropping system. Improved N management in agriculture is essential to minimise detrimental environmental impacts while maximising yields and profitability. This can be achieved by increasing nutrient use efficiency through: (1) matching nutrient amount and timing of application to the crop requirements; and (2) using fertiliser products with lower potential for loss through leaching or gaseous emissions. Nitrification inhibitors (NIs) slow the conversion of ammonium to nitrate in the soil, thereby decreasing the potential for N loss through leaching and N 2 O production from nitrification and denitrification processes in soil (Chen et al. 2008) . While a global meta-analysis has shown that NIs decrease N 2 O emissions by an average of 38% (Akiyama et al. 2010) , to date there have been no studies on the high clay content, red sodosols in southern Australia. The few studies in other southern Australian vegetable production regions have been confined to sandy soils during winter cropping (Porter et al. 2014; Lam et al. 2015) . As temperature and soil texture are known to influence the efficacy of NIs (Bronson et al. 1989) , the findings from these studies cannot necessarily be extrapolated to the sodosols found in the Werribee region of Victoria. The Werribee South market garden area comprises in excess of 3000 ha and, combined with the immediate surrounding production areas, produce 10% of Victoria's vegetables and 90%, 44% and 38% of the state's cauliflower, broccoli and lettuce crops, respectively (ABS 2015) . Currently there are several NI products available commercially, including DMPP (as ENTEC ® , Incitec Pivot, Australia), 3MP+TZ (Piadin ® , SKW Piesteritz, Germany) and DCD+TZ (Alzon ® , SKW Piesteritz, Germany), but their efficacy for mitigating N 2 O emissions from soils in vegetable production systems in southern Australia is largely unknown. This study is the first report on the effect of DMPP and other NIs applied with manures and fertiliser on cumulative N 2 O emissions, yields and soil mineral N contents in the red sodosols of the Werribee South vegetable production region. This information will improve knowledge of GHG emissions from vegetable production and assess the potential for N 2 O mitigation using NIs.
Materials and methods

Study site
Three experiments were conducted on a commercial vegetable farm in Werribee South, Victoria, located~35 km south-west of Melbourne, Victoria, Australia (37856'S, 144841'E, elevation 17 m above sea level). The climate is temperate with a mean annual rainfall of 538 mm. The mean daily minimum and maximum temperatures are 13.88C and 25.78C in summer and 5.08C and 13.78C in winter. The soil is classified as a Red Sodosol (Isbell 2002 ) with a texture (0-10 cm) consisting of 36.5% sand, 29.4% silt, 34.1% clay and a pH of 8.4. A description of a typical soil profile in the region can be obtained at http://vro.agriculture.vic.gov.au/dpi/vro/portregn. nsf/pages/werribee_soil_pit_wp1 (accessed 25 September 2015).
Crop management and treatments
At each site, treatments were selected to allow comparison with the standard fertiliser and manure application practices routinely used by commercial growers in the region. The aim of trials 1 and 2 was to determine the effect of NIs on cumulative N 2 O emissions, and the respective yields, of broccoli (Brassica oleracea) and lettuce (Lactuca sativa). Trial 2 also investigated the impact of NIs on N 2 O emissions from different base fertilisers with various urea, ammonium and nitrate contents. Trial 3 investigated the effects of NIs on cauliflower (Brassica oleracea) yields under decreased N application rates. Soil mineral N measurements were also taken in trial 3 to determine the effect NIs had on nitrification.
Trial 1: Broccoli 2011
After bed forming, composted poultry manure (3.5% total N, Fresh Weight (FW)) was applied at 5 t ha -1 (FW) to the full width of the bed on 1 March 2011. No inorganic fertiliser was applied to the manure treatments to enable direct comparison between the manure treatment without a NI (Manure) and with a NI (Manure+NI). The Manure+NI treatment had 4 L ha -1 of 3MP+TZ solution applied as a broadacre spray over the manure in a water volume equivalent to 3390 L ha -1 . The manure was then incorporated using a rototiller. Container-grown broccoli seedlings (cultivar 'Viper') were planted on 2 March 2011 in beds spaced 1.62 m apart at a density of 30 000 transplants ha -1 (two transplant rows per bed; between plant spacing of 41 cm). All fertiliser treatments were applied to plots 9.1 m in length and replicated four times in a randomised complete block design. The site was irrigated by overhead sprinklers according to commercial practice (typically 10-20 mm every few days as required). All plots received a broadcast application of 39 kg ha 
Trial 2: Lettuce 2011-2012
Container-grown iceberg lettuce seedlings (cultivar 'Avatar') were planted on 6 December 2011 in beds spaced 1.62 m apart at a density of 40 000 plants ha -1 (four transplant rows per bed). Fertilisers were applied into the planting furrow at sowing. Fertiliser treatments were applied to plots 10 m in length replicated three times in a randomised complete block design. Fertiliser treatments and N application rates are shown in Table 1 Table 1 ). The site was irrigated by overhead sprinklers according to the standard commercial practice (typically 10-20 mm every few days as required). The crop was harvested on 24 January 2012 and yield was assessed on 120 lettuces from the middle of each plot.
Trial 3: Cauliflower 2013-2014
Container-grown cauliflower (cultivar 'Pamplona') seedlings were planted on 20 November 2013 in beds spaced 1.67 m apart at a density of 24 000 plants ha -1 (two transplant rows per bed, plant spacing 50 cm). Fertilisers were applied by hand in two bands over the top of transplants to plots 8 m in length, replicated four times in a randomised block factorial design on 21 November 2013. The factorial consisted of three rates of NP fertiliser at 50%, 75% and 100% of the standard commercial rate and three inhibitor treatments: (1) no NI; (2) DMPP (ENTEC Nitrophoska Special); and (3) 0.054% 3MP + 0.108% TZ (w/w) ( Table 1) . Fertilisers were applied in bands by hand over the transplant rows. Side dressings were made with CN + boron (Campbells, Australia) on 18 December 2013 and 9 January 2014 at 100, 75 and 50% of the commercial fertiliser rate (Table 1) . Two additional treatments were included to determine the N 2 O emissions from Manure and Manure+NI without any inorganic fertiliser. Composted poultry manure (3.0% total N, FW) was applied at the rate of 5 t ha -1 (FW) in a band (30 cm wide) between the cauliflower transplant rows on 21 November 2013 and incorporated into the surface soil layer (0-10 cm). Four replicate plots were treated with manure in a split-plot design with half of each manure plot (randomly allocated) treated with DMPP solution at a rate equivalent to 1.90 kg DMPP ha -1 in 6000 L ha -1 of water. An additional control treatment received no fertiliser or manure. Cauliflower heads were harvested at commercial maturity on 28 January 2014, 31 January 2014, 3 February 2014, and 6 February 2014.
N 2 O measurements
Static chambers made from PVC pipe 15 cm diameter and 16 cm in height, with one end threaded to enable attachment of a cap, were used to measure N 2 O emissions. The chambers were driven into the ground to a depth of 8 cm, leaving a headspace height of 8 cm. In trials 1 and 3, one chamber was used in each experimental plot. In trial 2, two chambers were used in each plot. Chambers were inserted into the plant rows to cover the fertiliser bands in all trials and in similar positions in control plots. This chamber placement allowed direct comparison of the effect of NIs on N 2 O emissions without any dilution effect of the untreated soils. Cumulative N 2 O emissions were calculated for both the chamber area and the entire field by partitioning the field into treated and untreated areas and assuming that the non-treated soil in fertilised plots had the same N 2 O flux as the unfertilised control treatment. Chamber caps consisted of a threaded PVC lid with a rubber O-ring to form an airtight seal. A 13 mm rubber septum was fitted into the cap. At each sampling, gas samples were collected from chambers at fixed intervals after capping, by inserting a double-ended needle into the cap septum and also into a 12 mL evacuated sample tube (Exetainer, Labco UK). Chamber air temperature during the closure (capped) time was recorded with a data logger (Tinytag, Gemini loggers UK) inside one chamber on each sampling occasion. Gas sampling occurred 1, 2, 3, 5, 7, 10, and 13 days after fertiliser applications, and weekly thereafter. For all trials sampling coincided with the scheduled commercial irrigations, which often occurred daily during the plant establishment phase. In trial 1, the majority of gas samples were collected between 1100 and 1600 hours following irrigation. Sampling usually commenced within 1 to 2 h of irrigation when soil moisture was elevated. In this trial, soil temperatures were relatively constant due to mild air temperatures (autumn cropping) and the cooling effects of irrigation. For trial 2, the majority of gas samples were collected between 1200 and 1430 hours. For trials 1 and 2, gas samples were collected immediately before (0 min) capping chambers and 60 min after closure. Time course measurements were taken at 15 min intervals over 1.25 h on selected sampling occasions. N 2 O flux generally showed a linear trend over the measurement period. For trial 3, gas samples were collected 0, 20 and 40 min after capping using a syringe and needle before transfer to an evacuated tube. Samples were collected between 1100 and 1300 hours, a timing most likely to represent the average daily N 2 O flux . For trial 3, soil volumetric water content (VWC) was measured at each gas sampling with a HydroSense soil water monitoring system (Model CS620, 12 cm probes, Campbell Scientific, Australia). Water-filled pore space (WFPS) was calculated using the soil bulk density and assuming a particle density of 2.65 g cm -3 (Werner et al. 2006) . Rainfall, irrigation and soil WFPS data for trial 3 (cauliflower) is shown in Fig. 1 . While soil moisture data was not available for trials 1 and 2, they used the same irrigation regime as trial 3, so similar average moisture conditions were expected.
Gas samples were analysed for N 2 O concentrations by gas chromatography in the laboratory using the method of Rowlings et al. (2012) . Nitrous oxide fluxes were determined from the linear increase in concentration over the closure period, correcting for air temperature and atmospheric pressure. It was assumed that the daily flux changed linearly between sampling dates, and cumulative N 2 O fluxes were estimated by integration using the trapezoidal rule. Cumulative N 2 O fluxes were calculated separately for both the chamber area and the whole plot. Whole plot fluxes from planting until harvest were estimated by assuming the untreated area had the same emission rate as the unfertilised control using Eqn 1.
This allowed a comparison of NI effect within the chamber and an estimation of N 2 O emissions per hectare. In trial 1, when treatments were sampled late in the season and N 2 O fluxes had dropped to near background levels before sampling ended, the flux rate of the last three sampling points were assumed to be constant through to harvest to calculate cumulative emissions for the entire cropping period. Direct N 2 O emission factors for fertiliser and manure treatments (proportion of applied N emitted as N 2 O) were calculated by subtracting the N 2 O emission from the control treatment as the background emission (Rashti et al. 2015) .
Soil N measurements
In trial 3, soil was collected from each plot by taking three cores of 3 cm diameter to a depth of 10 cm from three evenly spaced points (one next to each plant row and another from the plot 
Statistical analysis
Statistical analysis was performed using GENSTAT (version 16, VSI International). Analysis of variance (ANOVA) was used to test for significance of treatment effects for yield, N 2 O emissions and soil mineral N data. Where data were not normally distributed, data were transformed before analysis.
Results
Yield Trial 1: Broccoli
Broccoli yields for treatments that received fertiliser or manure (8.2, 8.2, 8.6, 8.7, 8.8 and 9 .5 t ha -1 for treatments DMPP NP 87, Alzon 87, Manure, Manure+NI, NP 87 and NP +CN 87, respectively) were not significantly different, but all were significantly higher than the control treatment (6.9 t ha -1 ).
Trial 2: Lettuce
Lettuce yields were significantly higher in all fertiliser treatments (22.6, 24.0, 24.9, 25.2, 26.8 and 28.4 t ha -1 for treatments DMPP NP, Urea, Alzon, DMPP urea, DCD NP and NP, respectively) than the control treatment (17.8 t ha -1 ). The addition of DMPP to the Nitrophoska (nitrate/ammonium N) base fertiliser (DMPP NP) resulted in a significantly lower yield than Nitrophoska without NI (NP) or with DCD (DCD NP). There were no significant differences in yield between the urea base fertiliser treatments (Urea, Alzon and DMPP urea).
Trial 3: Cauliflower
Cauliflower yield was 55% higher in plots treated with all rates of fertilisers (mean 42.4 t ha -1 ) compared with the untreated control (27.4 t ha -1
). There was no significant effect of either fertiliser rate or NI on yield. There was no significant difference (P = 0.64) in cauliflower yields between the Manure treatment and the Manure+NI treatment (35.6 and 33.8 t ha 
N 2 O emissions Trial 1: Broccoli
There was an initial high N 2 O flux from soil in the period following the base fertiliser application at planting (Fig. 2a) . Comparing N 2 O flux within the chamber area when fertilisers were applied as a single basal application of 87 kg N ha -1 , the cumulative N 2 O emissions over the first 10 days of the crop for DMPP NP 87 decreased by~70% compared with NP 87 (Fig. 2b) and was not significantly different to the untreated control. No decrease in cumulative N 2 O emissions occurred for the Alzon 87 treatment over this 10 day period. The cumulative N 2 O emissions within the chamber area over the first 35 days of crop growth decreased by 75% in the DMPP NP 87 treatment compared with the standard commercial practice of applying NP at planting with a side dressing of CN (NP+CN 87). The Alzon 87 treatment had higher cumulative N 2 O emissions than the DMPP NP 87 treatment but was not significantly different to the NP+CN 87 treatment. Calculated emission reductions for NI treatments on a whole plot basis were smaller than those calculated for just the chamber area.
Cumulative N 2 O emission from the Manure treatment was approximately 5-fold higher than the standard commercial practice treatment (NP+CN 87) (Fig. 2c and 2d) , although the N application rate per hectare was approximately double for the Manure treatment. Cumulative N 2 O emission was~60% lower in the Manure+NI treatment compared with the Manure treatment on both chamber area and whole plot basis.
Trial 2: Lettuce
There was a period of high N 2 O flux from soil in the first 10 days following base fertiliser application at planting (Fig. 3a and Fig. 4a ). Cumulative N 2 O emissions for the chamber area over the growing season decreased by more than 50% when DMPP was added to NP (nitrate/ammonium N) or urea fertiliser compared with fertilisers applied without DMPP ( Fig. 3b and Fig. 4b ). Emission decreases with DMPP on a per plot basis werẽ 28% and 36% for NP and urea-based fertilisers respectively. DCD was not effective in decreasing cumulative N 2 O emissions from NP fertiliser or when it was used in combination with TZ with urea N fertiliser.
Trial 3: Cauliflower
Daily N 2 O fluxes were lower in inorganic fertiliser plus NI treatments and the untreated control, compared with commercial fertiliser treatments for the period between base fertiliser application and the side dress fertiliser application~1 month later (Fig. 5a ). However, whilst cumulative fluxes with the NI treatments were similar to the control, and 32-45% lower than the commercial fertiliser treatment over the same period, the large variation in emissions from replicates meant they were not significantly different (Fig. 5b) . Cumulative N 2 O flux over the entire cropping period was significantly lower for the control treatment compared with the commercial fertiliser treatment.
There was a period of very high N 2 O flux (peaks of >2000 mg m 2 h -1 ) during the first 12 days of the study (Fig.  6a) in the poultry manure treatment. Cumulative N 2 O flux for the chamber area from the poultry manure treatment was~10 times higher than the inorganic fertiliser treatment over the entire cropping period (Fig. 6b) . The addition of DMPP to manure decreased cumulative N 2 O flux by more than 80%. The high N 2 O flux in the manure persisted for approximately one month before dropping back to levels similar to the control treatment (Fig. 6a) .
Comparison of whole plot daily emissions from the three trials and emission factors
The average daily N 2 O flux on a whole plot basis from the control treatment was approximately three times higher in trials 2 (lettuce) and 3 (cauliflower) compared with trial 1 (broccoli) ( Table 2 ). In the trials where manure was used (Trials 1 and 3), total N 2 O flux from manures without NI was~4-fold higher than the inorganic fertiliser programme. In trials 1 and 2, the DMPP treatments were the only NI treatments that decreased (Table 2) .
Soil nitrogen
Differences in soil nitrate (NO 3 -) were small for the inorganic fertiliser treatments following the base fertiliser application, but there was a large increase in soil NO 3 -observed after the CN top dressing (Fig. 7a) . There was little difference in soil ammonium (NH 4 + ) concentrations between fertiliser treatments (Fig. 7b ). The Manure+NI treatment had lower soil NO 3 -and higher soil NH 4 + concentrations than the Manure treatment (Fig. 7c, d ). Both manure treatments had higher soil NO 3 -and NH 4 + concentrations than the control treatment.
Discussion
Estimated average daily N 2 O fluxes from inorganic fertiliser over the period from planting to harvest in the current trials were in the range 1.2-6.9 g ha -1 day -1 N 2 O-N, which are higher than those previously observed in lettuce (1.0-3.0 g ha -1 day -1 ) (Rashti et al. 2015) and broccoli (0.33-0.97 g ha -1 day -1 ) ) trials in sub-tropical Australia. When poultry manure was applied to soil, N 2 O fluxes were~4-fold greater than emissions from inorganic fertilisers for the whole plot area (and up to 10 times greater for the chamber area), with approximately double the N application rate for manure respectively. Other studies have also shown that the addition of animal manures result in large increases in N 2 O emissions from agricultural soils relative to background levels (Chang et al. 1998; Khalil et al. 2002; Rochette et al. 2008; Dalal et al. 2009; Jäger et al. 2011; Mori and Hojito 2012) . Field studies on grassland soils amended with cattle manures have recorded peak emissions of >1.6 mg m -2 h -1 (Mori and Hojito 2012) , which is similar to the maximum emissions from manure treatments observed in this study of 2.3 mg m -2 h -1 . In general, poultry manure contains greater amounts of readily mineralisable N and C than cattle manures (Chadwick et al. 2000) and thus would be likely to have greater N 2 O emissions (Velthof et al. 2003) .
Commercial vegetable production practices, where manures are used in combination with inorganic fertilisers, would be expected to produce greater N 2 O emissions than observed in this study where the manure was the sole N addition, due to the increased availability of both mineral N and labile C. Peak emissions of 10 mg m -2 h -1 N 2 O-N have been observed in a groundnut-maize rotation where poultry manure was used in combination with crop residues and inorganic N (Khalil et al. 2002) .
The period of elevated N 2 O emissions following manure application in this study was~3 to 4 weeks in duration which agrees with the findings of Rochette et al. (2008) who reported 60-90% of the seasonal N 2 O emission occurred within the first 40 days after manure application. When manure is applied at commercial rates (5-10 t ha -1 ), as well as contributing a large amount of N -typically up to 300 kg N ha -1 (mainly as organic N) -the availability of soil organic C is also increased. This favours N 2 O production by increasing substrate availability for microbial activity (Weier et al. 1993; Dalal et al. 2003) , and the resultant increased microbial respiration decreases oxygen availability leading to more anaerobic soil conditions which promotes denitrification (Dalal et al. 2003; Jäger et al. 2011) . Large increases in N 2 O emissions have also been observed following other organic matter (cane trash) additions in sugarcane crops (Weier 1996) or vegetables when crop residue is incorporated post-harvest (Baggs et al. 2000; Scheer et al. 2014) .
In this study, NIs decreased N 2 O emissions in the chamber area by more than 80% when applied with manure, or~60% on a whole plot basis taking into account both the treated and untreated areas. This is a considerably greater decrease in N 2 O emissions compared with another study where a 44% decrease in N 2 O emissions from DMPP applied to poultry manure was observed in a celery crop grown in a sandy soil (Lam et al. 2015) . Large decreases in N 2 O emissions (48-49%) have also been observed from cattle manure slurries applied to grasslands when treated with DMPP (Merino et al. 2005) . In this study, the mechanism for the decrease in N 2 O emissions from manure plus DMPP appeared to be through decreased soil nitrate concentrations, with more soil N retained as ammonium. The decrease in soil nitrate with DMPP usage is also likely to lower the potential for nitrate leaching (Zerulla et al. 2001; Trenkel 2010) . When the NIs, DMPP and 3MP+TZ, were applied to inorganic fertilisers, N 2 O emission mitigation results were more variable, but in two of the three trials decreases in cumulative N 2 O emissions of 50% or more occurred in the fertiliser treated area during the cropping period, and decreases up to 36% occurred for the whole plot area. The magnitude of these decreases is similar to those observed in previous vegetable experiments (Pfab et al. 2012 ) and grain cropping (Weiske et al. 2001; Liu et al. 2013) . Decreases in N 2 O emissions with these NIs occurred irrespective of whether the N source was ammonium or urea. In contrast, when DCD was used either alone with an ammonium and nitrate N fertiliser, or in combination with TZ in a urea based fertiliser, cumulative N 2 O emissions did not decrease. DCD has been less effective than DMPP and other NIs for reducing N 2 O emissions in laboratory (Kou et al. 2015; Chaves et al. 2006) and field experiments (Weiske et al. 2001; Zhang et al. 2015) , although efficacy was similar for DCD and DMPP in a wheat-maize system (Liu et al. 2013) . A laboratory study has shown DMPP was able to inhibit nitrification for at least twice as long as DCD under the same conditions (Chaves et al. 2006) . The temperature regime in this laboratory experiment was lower than the soil temperatures in our field experiments. Field experiments have also shown a longer duration of nitrification inhibition for DMPP compared with DCD and this was related to faster decomposition kinetics for DCD (Weiske et al. 2001) . The high water solubility, and thus mobility, of DCD may result in leaching through the soil profile which will also limit its effectiveness (Weiske et al. 2001; Vogeler et al. 2007) . DMPP has similar mobility in soil to ammonium (Trenkel 2010) and would be less prone to leaching. In heavily irrigated summer grown vegetable crops, such as those in this study, these factors may partially explain the difference in effectiveness between DMPP and DCD. The effectiveness of DCD, and possibly DMPP, may have decreased because of the elevated soil temperatures (max. soil temperature frequently >258C) during the Australian summer/ early autumn conditions under which this study was conducted, as both NIs are reported to be less effective at elevated temperatures (Irigoyen et al. 2003; Di and Cameron 2004) .
This preliminary work suggests that certain NIs have the potential to significantly decrease N 2 O emissions from soils in temperate vegetable production systems, particularly when composted animal manures are used. The use of NIs with organic products, such as manures, is likely to result in greater decreases in N 2 O emissions compared with inorganic fertiliser by decoupling the supply of easily oxidisable C and the supply of NO 3 --N as the substrate for denitrification (Ruser and Schulz 2015) . The current commercial availability of DMPP and other NI-treated fertiliser products and liquid NI formulations means that immediate adoption of NIs is possible if the industry can see a benefit. The key benefit of using NIs, as determined in the current study, is environmental through decreased N 2 O emissions and the potential for lowering nitrate leaching, rather than by increasing yields. Increased yields relative to current farm practices is not a sensible aim as growers are currently using N rates in excess of the crop requirement to maximise yield. However, the results of this study indicate that there is scope for decreasing N application rates in these production systems without yield loss, thereby increasing farm profits and making NIs more likely to be adopted. Results from the cauliflower trial showed growers could potentially lower application rates by 25% to 50% without any decrease in yield. Using NIs with lower fertiliser rates may be expected to decrease N 2 O emissions considerably, since the relationship between N 2 O emissions and N input is reported to be exponential rather than linear (Shcherbak et al. 2014) .
In our trials, the N 2 O direct emission factors calculated for the period from planting until harvest were in the range 0.02-0.16% for inorganic fertilisers and from 0.19% to 0.43% for manure with NI. These values are considerably lower than the default IPCC values of 1% (IPCC 2006) but are similar in those determined by Rashti et al. (2015) . Because gas measurements in the current work were not continued post-harvest, this may have resulted in an underestimation of the true total emissions from treatments. Research in sub-tropical Australian vegetable cropping has shown N 2 O emissions in the fallow period after incorporation of crop debris can be much greater than those produced from planting until harvest . As N 2 O flux rates and cumulative emissions observed during the cropping period in these sub-tropical studies were much lower than those observed during the cropping period in this study, post-harvest emissions from crop residues may comprise a considerably smaller proportion of the total emissions (within crop + post-harvest) in southern Australian when manure is used in the production system. Further studies are required to determine if this relationship is consistent in temperate vegetable systems. Additional studies also need to look at ways to optimise N use efficiency, including the use of lower fertiliser rates to achieve the same maximum yields and continuing evaluation of the environmental and economic benefits.
